The acoustic startle reflex is a sensitive index of "anxiety" and "fear." Potentiation of startle by conditioned and unconditioned fear stimuli appears to be mediated by the amygdala. Cholecystokinin B (CCK B ) agonists increase "anxiety" in laboratory animals and induce "panic" in humans. Here, we investigate the role CCK B receptor-mediated mechanisms in the amygdala in the potentiation of startle. First, intra-amygdala infusions of the CCK B receptor agonist pentagastrin (0, 0.01, 0.1, 1, and 10 nM) produced a dose-related potentiation of acoustic startle responses. At the highest dose, startle amplitudes were increased up to 90% above preinfusion baseline levels. Second, similar infusions of pentagastrin had no effect on locomotor activity over the same time course, showing that increases in startle responsivity after infusions of pentagastrin are not attributable to nonspecific changes in motor activity. Third, infusions of similar doses of pentagastrin into the striatum or nucleus accumbens did not potentiate startle responses. Fourth, pretreatment with the CCK B receptor antagonist L-365,260 (0.1 mg/kg, i.p.) attenuated the potentiation of startle produced by intra-amygdala infusions of pentagastrin. Finally, intra-amygdala infusion of the CCK B receptor-selective antagonist PD-135158 (10 g) blocked the potentiation of startle produced by i.c.v. infusions of pentagastrin, suggesting that i.c.v. infusions of pentagastrin potentiate startle responses via activation of amygdala CCK B receptors. These results show that amygdala CCK B receptor-mediated mechanisms are involved in the potentiation of acoustic startle responses.
The acoustic startle reflex is a short-latency motor response to a loud and unexpected noise. The reflex involves the rapid and sequential activation of muscles along the length of the body. Experimental manipulations that increase "anxiety" or "fear" increase startle response amplitudes in rats (see, for example, Davis, 1992) . For example, startle responses are increased when evoked in the presence of stimuli paired with footshocks ("fearpotentiated startle") (Davis et al., 1993) . In humans, stimuli that are associated with "fear" potentiate startle responses (Grillon et al., 1994) . The anxiolytic diazepam blocks fear-potentiated startle in humans (Patrick et al., 1996) , and typical (diazepam: Davis, 1979) and atypical (buspirone: Kehne et al., 1988) anxiolytic drugs block fear-potentiated startle in rats.
Previous work has shown that CCK potentiates startle reflexes (see, for example, Fendt et al., 1995; Frankland et al., 1996) . CCK is a peptide that is found in the gastrointestinal tract and throughout the brain (Vanderhaeghen et al., 1975; Saito et al., 1980; Gaudreau et al., 1983; Moran et al., 1986) . The action of CCK is mediated by two receptor subtypes, A and B (Innis and Snyder, 1980) . Systemic administration of the CCK B receptor agonist pentagastrin increases startle amplitudes (Zhou et al., 1996) . Conversely, systemic administration of the CCK B receptor antagonist L-365,260 attenuates fear-potentiated startle in rats (Josselyn et al., 1995a) . These results are consistent with the anxiogenic and anxiolytic effects of systemically administered CCK B agonists and antagonists, respectively, in a range of behavioral paradigms including the elevated plus maze, light-dark box, punished responding, and social interaction (see, for example, Hughes et al., 1990; Harro and Vasar, 1991; Rataud et al., 1991; Singh et al., 1991; Männistö et al., 1994; Rex et al., 1994) . These studies suggest that CCK B receptors mediate a constellation of behaviors associated with "anxiety" (see, for example, Harro et al., 1993) . Intracerebroventricular (i.c.v.) infusion of the CCK B receptor agonist pentagastrin potentiates startle . The question raised is which central CCK B receptors mediate these effects. The amygdala plays a critical role in mediating the behavioral and autonomic responses to fear and anxiety and, in particular, the potentiation of startle by "fear"-or "anxiety"-evoking stimuli (see, for example, Davis, 1992) . Furthermore, CCK-containing neurons are distributed throughout the amygdaloid complex and, in particular, are concentrated in the lateral, basolateral, and cortical nuclei of the amygdala (Larssen and Rehfeld, 1979; McDonald, 1985; Vanderhaeghen, 1985; Ingram et al., 1989; Schiffmann and Vanderhaeghen, 1991; Pu et al., 1994) .
The present series of studies tests the proposal that activation of amygdala CCK B receptors is important in the potentiation of startle responses. We show that infusions of pentagastrin into the amygdala, but not the striatum or nucleus accumbens, potentiate startle responses and that these increases in startle amplitude are not attributable to changes in motor activity. In addition, we show that potentiation of startle after intra-amygdala infusions of pentagastrin is attenuated by systemic pretreatment with the CCK B antagonist L-365,260. Finally, we show that intra-amygdala infu-sions of the CCK B antagonist PD-135158 block the potentiation induced by i.c.v. infusions of pentagastrin.
The results reported here were presented previously at the Society for Neuroscience meeting, 1995, San Diego (Josselyn et al., 1995b) .
MATERIALS AND METHODS Animals
Experimentally naive Wistar rats (Charles River, Montréal, Canada) weighing 275-300 gm at the time of surgery were used in these experiments. Rats were housed individually in a 12 hr light/dark cycle (lights off at 9:00 A.M.) with food and water freely available. All testing was carried out between 9:00 A.M. and 4:00 P.M.
Startle apparatus
Amplitudes of startle reactions were determined using a stabilimeter that was housed in a sound-attenuated chamber (46 ϫ 4l ϫ 4l cm interior) (Cassella and Davis, 1986) . The stabilimeter consisted of a Plexiglas cage with wire mesh walls on the long side, compressed between four springs on the top and bottom within a heavy steel frame. The cage measured 8 ϫ 8 ϫ l5 cm, allowing the rat to orient in only one of two directions at any given time. Movements of the rat were recorded by an accelerometer (Endevco 2217E) embedded in a rubber bung and placed between the bottom of the cage and the base of the heavy steel frame. The output of the accelerometer was filtered at 2 Hz, amplified 10 times, and integrated by an Endevco Signal Conditioner (model 2775A), then displayed on a storage oscilloscope (Hitachi VC-6025A).
Acoustic stimuli were produced by a Pacer 8 ⍀ speaker placed within the sound-insulated chamber at a distance of 10 cm from the long side of the cage. Acoustic stimuli were 4 msec, 119 dB noise bursts (measured by a Bruel and Kjaer modular Precision Sound Level Meter, model 2231). Background white noise levels were maintained at 75 dB throughout testing.
Locomotor apparatus
Locomotor boxes (33 ϫ 34 ϫ 22.5 cm) consisted of two opposing sheet-metal side walls, one wire grid front wall, and a Plexiglas back wall. The floor was a wire grid, and the top was Plexiglas. Two infrared emitters, one located near the front and the other near the rear wall of the cage, were 11 cm apart and 2.5 cm above the grid floor. Two infrared sensors on the opposite side were connected to a computer that recorded the number of photobeam interruptions in 5 min intervals.
Surgery
For implantation of guide cannulae, rats were pretreated with atropine sulfate (0.4 mg/kg, i.p.), anesthetized with sodium pentobarbital (60 mg/kg, i.p.), and placed in a standard stereotaxic instrument. For Experiments 1, 2, and 4, cannulae (23-gauge) were bilaterally aimed at a region including the basolateral, lateral, central, and medial amygdala nuclei (coordinates: AP Ϫ2.6 mm, ML Ϯ4.0 -5.0 mm, DV 8.0 mm; from Paxinos and Watson, 1986) . For Experiment 3, cannulae were aimed at the striatum or nucleus accumbens (coordinates: AP ϩ0.7 mm, ML Ϯ1.0 -2.0 mm, DV 4.0 -8.0 mm). In Experiment 5, cannulae were bilaterally implanted in the amygdala and in a unilateral cerebral ventricle site (coordinates: AP Ϫ0.8 mm, ML ϩ1.2 mm, DV 4.0 mm). Guide cannulae were secured in place with jeweler's screws and dental cement.
Habituation and matching procedure
For startle testing (Experiments 1 and 3-5), 1 week after surgery each rat was exposed to habituation sessions over two consecutive days. In these sessions, rats were placed in the startle box and 5 min later presented with 60 startle stimuli at 30 sec intertrial intervals (ITIs). On the basis of their mean startle amplitudes in the second of these two sessions, rats were matched into groups with similar response levels. This matching ensures that any changes in startle amplitudes after drug treatments cannot be attributed to different basal levels of responding. Formal testing commenced 1-2 d after this habituation session.
Drugs
The CCK B receptor-selective agonist pentagastrin (0, 0.01, 0.1, 1.0, and 10.0 nM in 0.5 l for infusions into tissue, or 100 nM in 5 l for i.c.v. infusions; Sigma, St. Louis, MO) was dissolved in 50 mM sodium bicar- 
Drug infusions
Hamilton microsyringes (5 l) mounted in an infusion pump were used to infuse the drugs. For infusions into tissue (Experiments 1-5), drugs were infused at a constant rate of 0.25 l/min. The volume of these infusions was 0.5 l. For i.c.v. infusions (Experiment 5), drugs were infused at a constant rate of 1.0 l/min. The volume of these infusions was 5.0 l. Injection cannulae (30-gauge; Plastic Products) were connected to the microsyringe by polyethylene tubing. After infusions, injection cannulae were left in place for an additional 60 sec to ensure diffusion of the drug.
Histology
At the completion of the testing, rats were anesthetized and perfused transcardially with saline (0.9%) and then formalin (4%). Brains were removed and stored in formalin with 25% sucrose for at least 24 hr. Brains were then blocked and frozen to Ϫ15ЊC, and 40 m coronal sections were cut from tissue including the cerebral ventricle, amygdaloid complex, and striatum. Sections were mounted on gelatin-coated slides, stained for cresyl violet, and coverslipped. Cannula placement was verified under a light microscope.
Experimental procedures Experiment 1: effect of intra-amygdala infusions of pentagastrin on startle
A total of 57 rats was used in this experiment. Each rat was placed in the stabilimeter and 5 min later was presented with 40 noise bursts (119 dB) at 30 sec ITIs. Rats were then removed and infused with pentagastrin [0 nM (n ϭ 6), 0.01 nM (n ϭ 8), 0.1 nM (n ϭ 10), 1 nM (n ϭ 8), or 10 nM (n ϭ 7)]. (Subsequent histological analysis showed that in some rats one (n ϭ 9) or both (n ϭ 9) cannulae were located outside of the amygdala.) Immediately after infusions, rats were placed back in the stabilimeter and 5 min later were presented with 60 startle stimuli at 30 sec ITIs over a period of 30 min. To avoid potential tissue damage arising from multiple injections, a between-subjects design was used in which each rat received only a single infusion of pentagastrin or vehicle.
Experiment 2: effect of intra-amygdala infusions of pentagastrin on locomotion
To control for the possibility that increases in startle amplitudes result from decreases in motor activity (Wecker and Ison, 1986; Plappert et al., 1993) , in Experiment 2 we tested whether similar intra-amygdala infusions of pentagastrin affect locomotor activity. A randomly selected subset (n ϭ 24) of rats tested for startle in Experiment 1 was used in this experiment. Rats were divided randomly into five groups receiving intraamygdala infusions of pentagastrin [0 nM (n ϭ 6), 0.01 nM (n ϭ 5), 0.1 nM (n ϭ 4), 1 nM (n ϭ 4), or 10 nM (n ϭ 5)] as described above. Rats were then placed into the locomotor boxes, and their locomotor activity was monitored over 30 min. This test period matched the time course of postinfusion startle testing in Experiment 1.
Experiment 3: effect of intrastriatal and intra-accumbens infusions of pentagastrin on startle
In Experiment 3, the effects of infusions of pentagastrin into the striatum and the nucleus accumbens, two other regions that are rich in CCK B receptors (Emson et al., 1982) , were assessed. The procedure used was identical to that used in Experiment 1. Rats were randomly divided into groups receiving either intrastriatal infusions of pentagastrin [0 nM (n ϭ 3), 0.1 nM (n ϭ 4), or 10 nM (n ϭ 3)] or intra-accumbens infusions of pentagastrin [0 nM (n ϭ 4), 0.1 nM (n ϭ 4), or 10 nM (n ϭ 5)].
Experiment 4: effect of systemically injected L-365,260 on potentiated startle after intra-amygdala infusions of pentagastrin
We have found previously that systemic administration of the CCK B antagonist L-365,260 attenuates fear-potentiated startle (Josselyn et al., 1995a) . In Experiment 4, we tested whether similar systemic administration of L-365,260 also blocks potentiation of startle responses after intra-amygdala infusion of pentagastrin (Experiment 1). In our earlier work, the minimum effective dose of L-365,260 that blocked fearpotentiated startle was 0.1 mg/kg (Josselyn et al., 1995a) . The largest increase in startle produced by intra-amygdala infusions of pentagastrin was produced by the 10 nM dose (Experiment 1). Therefore, the effects of systemic administration of L-365,260 (0 or 0.1 mg/kg) on the potentiation of startle produced by intra-amygdala infusions of pentagastrin (10 nM) were tested. Fourteen experimentally naive rats were used in this study. Before the commencement of formal testing, rats were exposed to a single habituation session in which they received 60 startle stimuli presentations at 30 sec ITIs. Two to three days after this habituation session, rats received an injection of either L-365,260 or its vehicle (i.p.) and were then placed in the stabilimeter. Five minutes later, 20 startle stimuli were presented at 30 sec ITIs. The rats were then removed and received bilateral infusions of pentagastrin into the amygdala (10 nM) as described above in Experiment 1. After drug infusion, rats were replaced in the startle testing apparatus and 5 min later presented with 80 startle stimuli at 30 sec ITIs over 40 min. Two days later, the experiment was repeated. Those rats that had originally received an injection of L-365,260 received an injection of vehicle, or vice versa.
Previously, it has been shown that systemic injections of the same dose of L-365,260 has no effect on baseline startle responding (Josselyn et al., 1995a) . Therefore, a vehicle (intra-amygdala) versus L-365,260 (systemic) control group is not included here.
Experiment 5: effect of intra-amygdala infusion of PD-135158 on potentiated startle after i.c.v. infusions of pentagastrin
Previously, we have shown that i.c.v. infusions of pentagastrin (100 nM) potentiate startle . Therefore, in this experiment we tested whether the potentiation of startle produced by i.c.v. infusions of pentagastrin is blocked by intra-amygdala infusions of the CCK B antagonist PD-135158. Before the commencement of formal testing, naive rats (n ϭ 9) were exposed to a single habituation session in which they received 60 startle stimuli presentations at 30 sec ITIs. Two to three days after this habituation session, rats were placed in the startle stabilimeter and presented with 40 startle stimuli at 30 sec ITIs. The rats were then removed and, first, received bilateral intra-amygdala infusions of PD-135158 (0 or 10 g; infused at a constant rate of 0.25 l/min). Immediately after this, rats received unilateral i.c.v. infusions of pentagastrin (100 nM; 5 l infused at a constant rate of 1.0 l/min). Rats were then replaced in the startle testing apparatus and 5 min later presented with 80 startle stimuli at 30 sec ITIs over 40 min. Two days later, the experiment was repeated. Those rats that had initially received bilateral intra-amygdala microinjections of PD-135158 received an injection of vehicle, or vice versa.
In a pilot study, we found that intra-amygdala infusions of PD-135158 (0 or 10 g) had no effect on baseline startle responses (F (1,6) ϭ 1.28, p Ͼ 0.05; data not shown). Therefore, a vehicle (intra-amygdala) versus vehicle (i.c.v.) control group is not included here.
Data analysis
In each of the experiments, only rats with both cannulae located within the amygdala (Experiments 1, 2, 4, and 5) or striatum (Experiment 3) were included in subsequent statistical analysis. For amygdala infusions, rats were included if cannulae were located within the amygdaloid complex (including the central, basolateral, medial, or lateral nuclei). In some rats, both cannulae were located outside of this region. These rats were placed in a "miss" group and subsequently analyzed. Rats with only one cannula located in the amygdala (Experiments 1, 2, 4, and 5) or striatum (Experiment 3) were not subsequently analyzed.
For startle experiments (Experiments 1, 3, 4, and 5), raw postinfusion startle scores for each rat were converted to a proportion of preinfusion baseline score. For each rat, the raw postinfusion startle scores were divided by the mean of the last 10 preinfusion trials. The last 10 trials reflect stable preinfusion startle amplitudes, because startle amplitudes normally habituate to asymptotic levels after 10 -15 min of testing (Plappert et al., 1993). Therefore, this proportion score reflects the effect of drug infusion on startle with scores Ͼ 1.0 reflecting potentiation of startle and scores Ͻ 1.0 reflecting suppression of startle.
To evaluate statistically the effect of drug infusions on startle, proportions of preinfusion baseline scores were compared across time using ANOVA. For Experiments 1 and 3, mixed ANOVAs were conducted with Drug as a between-subjects variable and Time as a within-subjects variable. For Experiments 4 and 5, repeated-measures ANOVAs were performed with Drug (L-365,260, Experiment 4; PD-135158, Experiment 5) and Time as within-factor variables. For the locomotion study (Experiment 2), a mixed ANOVA was performed with Drug as a between-factor variable and Time as a within-factor variable.
RESULTS

Experiment 1: effect of intra-amygdala infusion of pentagastrin on startle
Histological analyses showed that 39 rats had both cannulae located within the amygdaloid complex (Fig. 1) . The amygdaloid complex is defined here as including the basolateral, lateral, central, and medial nuclei of the amygdala (Paxinos and Watson, 1986) .
Intra-amygdala infusions of pentagastrin increased acoustic startle responses in a dose-related manner (Fig. 2) . At the highest dose (10 nM), startle amplitudes were increased to levels 80 -100% (over preinfusion baseline levels) 20 -30 min postinfusion. Initial preinfusion baselines did not differ between groups (F (1,4) ϭ 0.23, p Ͼ 0.05), so postinfusion changes in startle responsivity cannot be accounted for by differences in initial baselines. An ANOVA was carried out on the postinfusion startle data with Dose (5 levels: 0, 0.01, 0.1, 1, and 10 nM pentagastrin) as a between-factor variable and Time (6 levels: 5 min bins) as a within-factor variable. There was a significant Dose ϫ Time interaction (F (20,170) ϭ 1.67, p Ͻ 0.05), reflecting increased startle responsivity over time for rats infused with higher doses (1 or 10 nM) of pentagastrin. There was also a significant effect of Time (F (5,170) ϭ 3.97, p Ͻ 0.01), reflecting increased startle responsivity over time. Post hoc analyses (Newman-Keuls; p Ͻ 0.05) revealed that startle amplitudes after infusions of 1 and 10 nM were significantly greater than those after infusions of vehicle at 30 min and at 25 and 30 min postinfusion, respectively.
In 9 rats, both cannulae were located outside of the amygdaloid complex. To determine whether infusions of pentagastrin into areas outside of the amygdala affected startle amplitudes, data from these rats were combined into a "miss" group. There was no effect of dose on startle amplitudes in this "miss" group (F (3,5) ϭ 3.06, p Ͼ 0.05), so the data from all doses were combined. An ANOVA on the mean startle amplitudes averaged over the 30 min test period for all groups, including the "miss" group, was performed. There was a significant effect of Group (F (5,42) ϭ 4.38, p Ͻ 0.05). Post hoc analyses showed that startle amplitudes after intra-amygdala infusions of vehicle did not differ from those in the "miss" group ( p ϭ 0.28). However, startle amplitudes after intraamygdala infusions of all doses of pentagastrin (0.01, 0.1, 1.0, or 10 nM) were significantly greater than those in the "miss" group ( p Ͻ 0.05). These data show that the startle-potentiating effects of pentagastrin are restricted to intra-amygdala infusions (Fig. 3) .
Experiment 2: effect of intra-amygdala infusions of pentagastrin on locomotion
Intra-amygdala infusions of pentagastrin (0, 0.01, 0.1, 1.0, or 10 nM) had no effect on locomotor activity levels (Fig. 4) . Locomotor activity was measured over 30 min after infusion. This matches the time period over which startle was measured postinfusion in Experiment 1. Activity levels declined exponentially with time to approach asymptotic levels after ϳ25 min. A mixed ANOVA was performed on the number of crossovers (consecutive breaks of front and rear infrared beams). There was a significant effect of Time (F (5,95) ϭ 96.89, p Ͻ 0.001), reflecting a decrease in activity over time. However, there was no significant effect of pentagastrin on locomotor activity (F (4,19) ϭ 0.58, p Ͼ 0.05).
Experiment 3: effects of intrastriatal and intra-accumbens infusions of pentagastrin on startle
Histological analyses showed that 10 rats had both cannulae located within the striatum (including both the dorsal and the ventral aspects of the striatum), whereas 13 rats had both cannulae located within the nucleus accumbens (Fig. 5) . The effects of infusions of pentagastrin into these sites on startle amplitudes are shown in Figure 6 . In these experiments, a similar range of doses (0, 0.1, and 10 nM) was tested over the same postinfusion time course (30 min) as in Experiment 1. An ANOVA was carried out on the postinfusion startle data with Dose (3 levels: 0, 0.1, or 10 nM pentagastrin) as a between-factor variable and Time (6 levels: 5 min bins) as a within-factor variable. For intrastriatal infusions, there was no significant effect of Dose (F (2,7) ϭ 3.31, p ϭ 0.10) and Time (F (5,35) ϭ 1.05, p Ͼ 0.05) on startle responding. However, there was a clear trend for the highest dose of pentagastrin (10 nM) to decrease startle amplitudes. For intra-accumbens infusions, there was no significant effect of Dose (F (2,10) ϭ 2.14, p Ͼ 0.05) or Time (F (5,50) ϭ 1.19, p Ͼ 0.05) on startle responding.
Experiment 4: effects of systemically injected L-365,260 on potentiated startle after intra-amygdala infusions of pentagastrin
Pretreatment with systemic injections of the CCK B receptor antagonist L-365,260 attenuated the potentiation of startle induced by intra-amygdala infusions of pentagastrin (Fig. 7) . Histological analyses showed that cannulae were located within the amygdaloid complex (including the basolateral, lateral, central, and medial nuclei of the amygdala; data not shown) and were similarly distributed to those in Experiment 1. There were no differences in preinfusion startle amplitudes (F (1,13) ϭ 0.68, p Ͼ 0.05), so differences between initial baselines cannot account for any subse- Figure 1 . Location of injection sites in rats in Experiment 1 shown on coronal sections (Paxinos and Watson, 1986) . Numbers to the right of each section represent the anterior-posterior coordinate with respect to bregma. Closed circles represent the locations of cannula tips within the amygdala. Open circles represent locations of cannula tips found outside of the amygdala. Data from rats with a single misplaced cannula were not included in statistical analyses. Rats with both cannulae located outside the amygdaloid complex were included in a "miss" group and subsequently analyzed. quent differences in startle responsivity. In rats pretreated with systemic vehicle injections, intra-amygdala infusions of pentagastrin potentiated startle responses by 50 -60% at 25-40 min postinfusion. This potentiation is consistent with, albeit slightly smaller in magnitude than, the potentiation after intra-amygdala pentagastrin infusions in Experiment 1. In rats pretreated with systemic injections of L-365,260, intra-amygdala infusions of pentagastrin only slightly increased startle responding over preinfusion baseline levels. Whereas startle responsivity was reduced by L-365,260 at all time intervals across the 60 min test period, the effect of drug (L-365,260 vs vehicle) only approached significance (F (1,13) ϭ 3.70, p ϭ 0.077). Planned comparisons performed on each interval revealed that startle amplitudes were significantly higher in rats receiving vehicle injections compared to L-365,260 injections 30 min postinfusion ( p Ͻ 0.05).
Experiment 5: effects of intra-amygdala infusions of PD-135158 on potentiated startle after i.c.v. infusions of pentagastrin
Cannulae tips were located in the amygdaloid complex, close to the basolateral amygdala (Fig. 8) . Intra-amygdala infusions of the CCK B receptor-selective antagonist reduced the potentiation of startle induced by i.c.v. infusions of pentagastrin (Fig. 9) . Preinfusion baselines were not different between groups (F (1,8) ϭ 1.06 , p Ͼ 0.05), so differences between initial baselines cannot account for any subsequent changes in startle responding. In the control condition, in which rats received i.c.v. pentagastrin infusions and bilateral vehicle infusions into the amygdala, startle amplitudes increased steadily over time to ϳ90% above preinfusion baseline levels. In contrast, startle amplitudes were stable, or slightly increased, after intra-amygdala infusions of PD-135158 together with i.c.v. infusions of pentagastrin. An ANOVA with Drug (2 levels: 0 and 10 g PD-135158) and Time (eight 5 min bins) as within-factor variables was performed. PD-135158 infusions into the basolateral amygdala reduced startle responses after i.c.v. pentagastrin infusions compared to controls that received intraamygdala infusions of vehicle (F (1,8) ϭ 5.12, p ϭ 0.054).
DISCUSSION
The above series of experiments provides evidence that the neuropeptide CCK potentiates startle responding via activation of amygdala CCK B receptors. In Experiment 1, intra-amygdala infusions of the CCK B receptor-selective agonist pentagastrin potentiated startle responses in a dose-related manner. In Experiment 2, similar intra-amygdala infusions of pentagastrin had no effect on locomotor activity over the same time period, suggesting that changes in startle responsivity observed in Experiment 1 are not attributable to changes in motor activity. In Experiment 3, infusions of similar doses of pentagastrin into the striatum or nucleus accumbens did not increase startle, suggesting that the potentiating effects of central infusions of pentagastrin on startle may be localized to amygdala sites. In Experiment 4, the potentiation of startle after intra-amygdala infusions of pentagastrin was attenuated by pretreatment with systemic injections of the CCK B receptor-selective antagonist L-365,260. This finding is consistent with the finding that systemic injections of the same Figure 3 . Bar chart comparing the mean postinfusion startle amplitudes in the "miss" group to those receiving intra-amygdala infusions of pentagastrin (0, 0.01, 0.1, 1, and 10 nM). Mean startle amplitudes (ϮSEM) are shown collapsed over the entire 30 min postinfusion test period. Startle amplitudes after infusion of vehicle into the amygdala are not different compared to those after infusions of any dose of pentagastrin outside of the amygdala (the "miss" group; p Ͼ 0.05). However, mean startle amplitudes after intra-amygdala infusion of all doses of pentagastrin are significantly greater than after similar infusions of pentagastrin into areas neighboring the amygdala (the "miss" group; *p Ͻ 0.05). Figure 4 . The effect of intra-amygdala infusions of pentagastrin (0, 0.01, 0.1, 1, and 10 nM) on locomotor activity. Pentagastrin had no effect on locomotor activity over the 30 min test period.
dose of L-365,260 attenuate fear-potentiated startle (Josselyn et al., 1995a) . In Experiment 5, increases in startle induced by i.c.v. pentagastrin infusions were attenuated by intra-amygdala infusions of the CCK B receptor-selective antagonist PD-135158. Together, these results provide support for the idea that amygdala CCK B receptors facilitate the expression of behaviors associated with "anxiety." Previously, we found that i.c.v. infusions of pentagastrin potentiate startle responses by ϳ70 -100% . The major aim of the present studies was to determine which brain region (or regions) mediates these effects. Here we show that activation of CCK B receptors in the amygdala potentiates startle responses. Startle responses after infusion of the highest dose (10 nM in 0.5 l) of pentagastrin increased startle amplitudes by up to 100% over baseline preinfusion levels. This dose is 100-fold lower Figure 5 . Location of injection sites in rats in Experiment 3 shown on coronal sections (Paxinos and Watson, 1986) . Numbers to the right of each section represent the anterior-posterior coordinate with respect to bregma. Closed circles represent the locations of cannula tips within the striatum. Open circles represent locations of misplaced cannula tips. than the dose of pentagastrin required to potentiate startle responses when infused i.c.v. (100 nM in 5 l; Frankland et al., 1996) . Because decreases in motor activity are associated with increases in startle amplitudes (Wecker and Ison, 1986; Plappert et al., 1993) , it is necessary to test whether drug infusions have nonspecific effects on locomotor activity in experiments such as these. However, we found that similar doses of pentagastrin had no effect on locomotor activity over a similar time course.
Therefore, bilateral infusions of pentagastrin into various subdivisions of the amygdala (including the central nucleus, basolateral nucleus, and lateral nuclei) resulted in potentiation of startle responses. Consistent with this, CCK B receptors are found throughout the amygdala and, in particular, are highly concentrated in the lateral, basolateral, and cortical nuclei of the amygdala (Larssen and Rehfeld, 1979; McDonald, 1985; Vanderhaeghen, 1985; Ingram et al., 1989; Schiffmann and Vanderhaeghen, 1991; Pu et al., 1994) . In contrast, when both injection cannulae were located dorsal, ventral, medial, or lateral to the amygdala, infusions of pentagastrin had no effect on startle responses. In these cases, postinfusion startle amplitudes were indistinguishable from those after intra-amygdala vehicle infusions. Therefore, these results show that infusions of pentagastrin into the amygdala, but not neighboring nuclei, potentiate startle responses and demonstrate a degree of anatomical specificity.
Infusions of similar doses of pentagastrin into the striatum or nucleus accumbens did not potentiate startle responses. Indeed, there was a strong trend for intrastriatal infusions of the highest dose of pentagastrin to attenuate startle. Together, these data suggest that CCK B receptors in the amygdala, but not in the striatum or nucleus accumbens, are important for the potentiation of startle, again suggesting some anatomical specificity for the potentiating effects of centrally administered pentagastrin on startle. This conclusion, however, does not rule out the possibility that CCK B receptors in the striatum, or other regions, are important for the expression of behavioral changes (other than the potentiation of startle) that are associated with increases in "anxiety."
Previously, we found that systemic administration of the CCK B antagonist L-365,260 attenuates fear-potentiated startle without affecting baseline startle responses (Josselyn et al., 1995a) . Similarly, systemic administration of the CCK B antagonist LY288513 attenuates potentiated startle induced by diazepam withdrawal (Rasmussen et al., 1993 ). Here we show that pretreatment with (Paxinos and Watson, 1986) . Numbers to the right of each section represent the anterior-posterior coordinate with respect to bregma. Closed circles represent the locations of cannula tips within the amygdala.
L-365,260 weakly attenuates potentiation of startle induced by intra-amygdala infusions of pentagastrin. Therefore, systemic injections of CCK B antagonists block the potentiation of startle induced (1) pharmacologically by intra-amygdala administration of the CCK B agonist pentagastrin, (2) by "anxiety"-evoking stimuli such as cues previously paired with shock, and (3) by withdrawal from the anxiolytic diazepam. The present results suggest that systemic injections of L-365,260 result in a blockade of CCK B receptors in the amygdala. They further suggest that antagonism of amygdala CCK B receptor sites is at least one possible mechanism via which L-365,260 attenuates fear-potentiated startle (Josselyn et al., 1995a) .
It is notable that systemically injected L-365,260 only weakly (and nonsignificantly) attenuated potentiation of startle induced by intra-amygdala infusions of pentagastrin in the present study. This is consistent with the partial blockade of fear-potentiated startle produced by systemically injected L-365,260 (Josselyn et al., 1995a) . A likely reason for this is the poor aqueous solubility, absorption, and limited bioavailability of L-365,260 (Chen et al., 1992; Lin et al., 1996) . Fendt et al. (1995) reported that infusions of CCK-8S, the octapeptide form of CCK that selectively activates CCK A receptors, into the caudal pontine reticular formation (PnC) increase the number of acoustically activated spikes recorded from PnC single units. Because PnC giant neurons form an obligatory relay in the circuit-mediating acoustic startle responses (Davis et al., 1982; Koch et al., 1992; Fraiuf, 1992, 1994; Yeomans and Frankland, 1996) , these data suggested that one locus of modulation of startle by CCK may be within the startle circuit. Largely consistent with this, Fendt et al. (1995) showed that infusions of CCK-8S into the PnC produced modest increases in startle (30 -40%) at some doses (5 ng /l) but not others (2.5 and 10 ng /l). Therefore, CCK receptor activation may also modulate startle within the startle circuit at the level of the PnC.
In Experiment 5, we found that intra-amygdala infusions of the CCK B antagonist PD-135158 almost completely blocked the potentiation of startle induced by i.c.v. infusions of pentagastrin. Similar injections had no effect on baseline startle levels, however. Therefore, either systemic (Josselyn et al., 1995a) or intraamygdala injections of CCK B antagonists block potentiation of startle but do not affect baseline startle responses. The present findings support the conclusion that antagonism of amygdala CCK B receptors results in a blockade of fear-potentiated startle. Therefore, although modulation of startle responses may be dependent on CCK receptor activation at the level of the PnC, the present data suggest that modulation of startle via amygdala CCK B receptors is also important. The potentiation of startle responses is then presumably mediated by direct Rosen et al., 1991) and indirect (Yeomans and Pollard, 1993; Fendt et al., 1994b Fendt et al., , 1996 Krase et al., 1994; Kungel et al., 1994; pathways from the amygdala to the brainstem startle circuit.
The finding that the potentiation of startle is mediated, at least in part, by CCK B receptors in the amygdala is consistent with a large body of data showing that the amygdala is critical for the expression of behavioral and autonomic responses to "fear"-and "anxiety"-evoking stimuli (Davis, 1992) . For example, lesions of the amygdala block increases in freezing (LeDoux et al., 1988; Kim et al., 1993) and changes in heart rate and blood pressure (Kapp et al.,1979) that are elicited in the presence of a conditioned stimulus previously paired with shock.
These present results suggest that CCK B receptors may be one class of receptor in the amygdala that participate in the processing of "fear"-or "anxiety"-inducing stimuli. Because systemically and i.c.v. administered CCK B agonists produce a broad range of autonomic and behavioral changes associated with "anxiety" (Singh et al., 1991; Harro et al., 1993; Belcheva et al., 1994) , it is possible that the activation of amygdala CCK B receptors may result in the expression of a large number of behavioral and autonomic changes associated with "anxiety" or "fear." Consistent with this proposal is the finding that endogenous CCK-4 levels are elevated in the amygdala in rats after exposure to a predatorscented cloth (Pavlasevic et al., 1993) . Similarly, mRNA levels for CCK are elevated in the basolateral amygdala in rats after pretreatment with the anxiogenic drug FG7142 (Pratt and Brett, 1995) . Furthermore, in humans intravenous administration of the same doses of CCK-4 that evoke panic-like attacks also increases cerebral blood flow in the amygdala (Benkelfat et al., 1995) .
Potentiation of startle is not exclusively dependent on CCK B receptor activation, however. For example, startle amplitudes are increased after intra-amygdala infusions of the glutamate agonist trans-ACPD (Koch, 1993) or the ␣ 2 -adrenergic antagonist yohimbine (Fendt et al., 1994a) . In addition, infusions of corticotropinreleasing hormone into the bed nucleus of the stria terminalis , but not the amygdala (Liang et al., 1992) , potentiate startle responses. Therefore, different neurotransmitter systems and anatomical substrates may contribute to the potentiation of startle. It is possible that this complex anatomical and neurochemical coding reflects functionally distinct psychological processes underlying "anxiety" and "fear."
